this purpose. We show here that the semaphorin domain is necessary and, when dimerized, sufficient for activity. The carboxy tail, however, is needed to obtain full potency Summary at very low concentrations. We then establish that the semaphorin domain is responsible for conferring approThe semaphorin family contains secreted and transpriate biological activity and further define the sequence membrane signaling proteins that function in the that confers this specificity, a 70 amino acid region nervous, immune, and cardiovascular systems. Chick within the semaphorin domain. Transplantation of this collapsin-1 is a repellent for specific growth cones.
semaphorin-Fc fusion protein collapsed DRG growth cones, although its activity was 30-fold less potent than full length collapsin-1. Taken together, these results show that the semaphorin domain is both necessary and, when dimerized, sufficient for collapsing activity.
The Semaphorin Domain and Basic Tail Each Independently Bind Semaphorin Receptors In Situ
The addition of an alkaline phosphatase (AP) tag (Cheng and Flanagan, 1994) to collapsin-1 allows the visualization of collapsin-1 binding sites on cultured cells or tissue sections . Three pieces of evidence support the assertion that the AP-collapsin-1 fusion protein visualizes the collapsin-1 receptor: (1) the binding affinity of this tagged version of collapsin-1 is close to the concentration that gives a collapsing response, (2) the binding of AP-collapsin-1 can be competed off with excess unlabeled collapsin-1, and (3) only axons with growth cones that collapse in response to collapsin-1 are labeled . Alkaline phosphatase was fused to various deletion constructs of collapsin-1 to determine which domains are responsible for binding collapsin-1 to its receptor(s). In the chick lumbar spinal cord, AP-collapsin-1 specifically binds DRG sensory axons in the dorsal columns ( Figure 2A) . A deletion construct missing the semaphorin domain but including the Ig and basic domains (AP-Ig-basic) has no collapsing activity but nevertheless labels the lumbar spinal cord in a pattern almost indistinguishable from AP-collapsin-1 ( Figure 2B ). This staining of the dorsal columns is ‫-01ف‬fold less sensitive than that provided by AP-collapsin-1 (compare Figures 2A using APcollapsin-1 and 2C using 10-fold more AP-Ig-basic). A deletion construct missing the Ig domain, but including the semaphorin and basic domains, has threefold less collapsing activity and gives the same pattern of staining as AP-collapsin-1 or AP-Ig-basic (data not shown). A deletion construct missing the basic domain, but including the semaphorin and Ig domains (AP-sema-Ig), has 20-fold less collapsing activity and weakly stains the dorsal columns ( Figure 2D ). These results demonstrate that both the active semaphorin domain and the inactive basic tail independently bind to the same cell surfaces. cant variation in amino acid sequence (for sequence (C) Dose-response curves comparing collapsin-1 deletion concomparison, see Feiner et al., 1997) . The percentage of structs to collapsin-1. The percentage of collapsed DRG growth identical amino acids between any two pairs of these cones is plotted against the concentration of purified recombinant three family members is between 43% and 50%. When ties range between 51% and 58%.
Structural schematics of the proteins tested and their concentraBoth collapsin-1 and -3 are likely to act as repellent tions that induced 50% collapse (EC50, pM).
guidance cues for specific growth cones, while collapsin-2 has not yet been demonstrated to affect growth cone behavior. A hallmark of repellent signaling function is the ability to induce the collapse and paralysis of growth cones in vitro ( Figure 1A ). Collapsin-1 induces another family member can reconstitute normal collapsing potency. the collapse of DRG and sympathetic chain ganglia (SCG) growth cones in a dose-dependent manner. ColSubsequent experiments using chimeric proteins that contain progressively more collapsin-2 sequence on the lapsin-2 collapses neither DRG nor SCG growth cones. Collapsin-3 does not collapse DRG growth cones but carboxy terminus and less collapsin-1 on the aminodoes collapse SCG growth cones. The sensitivities of terminus demonstrate that the first 255 amino acids of SCG growth cones to collapsin-1 and -3 are similar collapsin-1, when placed onto a collapsin-2 backbone, (within 10-fold), while the sensitivity of DRG growth are sufficient to cause collapse of DRG growth cones. cones is at least 1000-fold higher for collapsin-1 than
The first 199 amino acids of collapsin-1, however, are for collapsin-3. Thus, each family member has a distinct not sufficient to reconstitute collapsin-1 activity (Figprofile of biological activity that can be recognized by ure 4A). their differential effects on DRG and SCG growth cones A second series of "sandwich" chimeras was conin vitro (Figure 3) . structed. In these, collapsin-1 sequence is surrounded by collapsin-2 sequences on both the amino and the carboxy termini (see schematics in Figure 4B ). Sandwich A 70 Amino Acid Stretch within the Semaphorin chimera-1 containing collapsin-1 residues 199-255 has Domain Determines the Specificity no activity on DRG growth cones. In contrast, sandwich of Collapsin-1 Signaling Activity chimera-2 containing an additional 33 amino acids from We synthesized a series of collapsin-1-collapsin-2 chicollapsin-1 (166-255) on the amino side has strong colmeras to identify the smallest region within collapsin-1 lapsing activity. After synthesizing and assaying several that is required for DRG collapsing activity. We were additional sandwich chimeras, we identified a 70 amino able to use these chimeras to search for regions required acid region of collapsin-1 (sandwich chimera 3, amino for collapsin-1 activity, since collapsin-1 and -2 are acids 166-235) which, when placed into a collapsin-2 structurally similar but functionally distinct. Similar analbackbone, converts collapsin-2 into a molecule with the ysis has been successfully applied to TGF-␤s, neurosame DRG collapsing activity as collapsin-1 ( Figure 4B ). trophins, and steel factor (Ibá ñ ez et al., 1991; Qian et The crucial sequence may be smaller than but is conal., 1992; Lev et al., 1993) . The first construct in this tained within the 70 amino acid region. The converse series, chimera A, contained the collapsin-1 semaphorin sandwich chimera, in which the same region of coldomain fused to the Ig loop and basic tail of collapsin-2.
lapsin-2 is swapped into collapsin-1, has no collapsing Chimera A collapses DRG growth cones at levels comactivity. These experiments demonstrate that the 70 parable to collapsin-1, indicating that the semaphorin domain specifies activity and that the carboxy tail from amino acids between 166-235 are necessary and, in a For each construct, a structural schematic is shown at the top of the panel, the doseresponse curve of collapsing activities on DRG and SCG growth cones is presented, and the concentrations that induce 50% collapse of DRG and SCG growth cones are indicated (EC50, pM).
collapsin-2 background, sufficient for collapsin-1 accollapsin-2 ( Figure 5E ). Swapping the comparable 70 amino acids from collapsin-3 into collapsin-1 generates tivity.
a chimera with the activity profile of collapsin-3 ( Figure  5F ). Swapping the 70 amino acid stretch of collapsin-1 Three Members of the Semaphorin Family Contain a Positionally Conserved Variable Domain that into collapsin-3 generated a chimera with the activity profile of collapsin-1. Unfortunately, the biological acDetermines Their Signaling Specificity The above results suggested to us that the amino-termitivity of a chimera in which the 70 amino acids of collapsin-3 were swapped into collapsin-2 could not nal half of the semaphorin domain determines the biological activity of any given semaphorin family member.
be tested, since it could not be produced in sufficient quantity. These results demonstrate that a relatively This hypothesis predicts that swapping the amino-terminal half of the semaphorin domain into any other famshort stretch of 70 amino acids within the amino-terminal half of the semaphorin domain contains sequence that ily member should convert the biological activity of the background (host) molecule into that expected for the determines the biological specificity of these secreted semaphorin family members. transplanted (donor) sequence. Using sequences from collapsin-1, -2, and -3, various chimeric constructs were generated to test this hypothesis. Swapping the aminoDiscussion terminal 255 amino acids from collapsin-1 into collapsin-3 generates a chimera with the activity profile of
The secreted semaphorins have similar structures, but their biological activities are different. Using chick colcollapsin-1 on DRGs and SCGs ( Figure 5A ). Swapping this same region of collapsin-2 into collapsin-1 generlapsin-1, -2, and -3, we determined (1) the distinctive biological roles of the different domains within a seates a chimera with the activity profile of collapsin-2 ( Figure 5B ). Swapping this region of collapsin-3 into creted semaphorin molecule and (2) the structural elements that determine the signaling specificity. collapsin-2 generates a chimera with the activity profile of collapsin-3 ( Figure 5C ).
An analysis of the activities of various deletion constructs demonstrates that the semaphorin domain is A similar pattern emerges when the 70 amino acid stretch of collapsin-1 that confers collapsin-1 activity both necessary and, when dimerized, sufficient for collapsin-1 activity. Collapsin-1 function is reduced by to collapsin-2 is swapped between family members. This exchange generates a chimera with activity almost indisvarying amounts when each of the three domains is individually removed. However, only the semaphorin dotinguishable from collapsin-1 ( Figure 5D ). Swapping the comparable 70 amino acids from collapsin-2 into colmain is absolutely required for biological function. Although the isolated semaphorin domain is unable to lapsin-1 generates a chimera with the activity profile of For each construct, a structural schematic is shown at the top of the panel, the doseresponse curve of collapsing activities on DRG and SCG growth cones is presented, and the concentrations that induce 50% collapse of DRG and SCG growth cones are indicated (EC50, pM). Plots are shown for (A) chimera 1-3, (B) chimera 2-1, (C) chimera 3-2, (D) sandwich chimera 2-1-2, (E) sandwich chimera 1-2-1, and (F) sandwich chimera 1-3-1.
collapse DRG growth cones, it is active when fused almost completely recovered. Moreover, experiments in which portions of the semaphorin domain are swapped to the Fc domain of human IgG, which reintroduces dimerization.
between family members demonstrate that it is only the semaphorin domain that controls the specificity of the By comparing the activities of collapsin chimeras in which semaphorin domains are swapped among family biological response. This implies that the Ig domain and basic tail are responsible for potentiating semaphorin members, we demonstrate that the semaphorin domain specifies biological activity. A 70 amino acid region activity but are functionally interchangeable and have little or no role in specifying biological activity. within the semaphorin domain is sufficient to determine specificity. In the companion paper, we show that the Some of our results suggest that the specificity of binding and of activity may be determined indepensemaphorin domain also specifies the patterns of binding of collapsin family members in situ (Feiner et al., dently. For example, both collapsin-1 and -3 bind to DRG axons, but only collapsin-1 causes them to col-1997).
The 70 amino acid region within the semaphorin dolapse. This is not because collapsin-3 is inactive, since both collapsin-1 and -3 bind to and collapse sympamain is not particularly remarkable: it is not more variable than many other regions within the semaphorin thetic growth cones at similar concentrations. Taken at face value, these results suggest that binding per se domain, nor does it contain many clusters of residues that are unique between different family members. The does not induce a biological response and that the specificity of binding is not the same as the specificity of distributed nature of the sequence variability between family members within this region, and the finding that activity. This in turn raises the possibility that the portion of the semaphorin domain that determines the specifictransplanted regions smaller than the 70 amino acid region do not alter the specificity of molecules into which ity of binding (Feiner et al., 1997) may not be the 70 amino acid region of the semaphorin domain that deterthey are transplanted, suggest that specificity is encoded by amino acids scattered throughout the 70 mines the specificity of biological activity. We cannot conclude that this is so, however, since an alternative amino acid stretch. In its native three-dimensional configuration, this region may bind and activate a compopossibility is that collapsin-1 and -3 bind entirely different receptors or receptor complexes that are both presnent of the semaphorin receptor complex that is specific for each semaphorin family member. Such a situation is ent on DRGs and sympathetics and that collapsin-3 activates an as yet unrecognized biological response similar to the distributed localization of particular amino acids within neurotrophins that are required for the actiin DRGs.
The data presented in this study fit a multibinding site vation of their high affinity receptors. These scattered residues are folded together in the native protein so that model for the semaphorin receptor. The semaphorin domain is absolutely required and is sufficient by itself they may cooperate in receptor binding and activation (Ibá ñ z et al., 1991 (Ibá ñ z et al., , 1992 McDonald et al., 1991) .
for collapsing activity. It therefore must be able to bind and activate its receptor. One likely locus at which this In addition to being specific, the growth cone collapse response is very sensitive: the biological effect (EC50) interaction could occur between collapsin-1 and its receptor is within the 70 amino acid stretch in the semaoccurs at concentrations as low as 30 pM (Luo et al., 1993) . Truncation of the carboxy terminus of collapsin-1 phorin domain that specifies activity. The carboxy tail of collapsin independently binds to collapsin-1-sensitive causes a significant decrease in potency (‫-03ف‬fold), without affecting functional specificity. When the caraxons. These portions of collapsin-1, -2, and -3 are all functionally interchangeable and help to potentiate colboxy terminus of another secreted collapsin is appended to truncated collapsin-1, collapsin-1 activity is lapsin-1 activity. Thus, the basic tail is likely to bind a between family members. We infer from these results PCR oligomers were synthesized to attach the Xho-1 restriction site that collapsin-1 interacts through two independent bindto the 5Ј end of Fc and a hexahistidine tag and the Pst-1 restriction ing sites with its receptor. The present data do not distinsite to the 3Ј end of Fc. This PCR product was cut with Xho-1 and guish whether the two binding sites interact with two
Pst-1 and cloned into Xho-1/Nsi-1 sites of Coll-1-pAG-CT to give Coll-1-Fc-6His in the pAG-3 vector. C723A was cloned into the Fcdifferent molecules of a receptor complex or with the 6His-pAG-3 plasmid, replacing wild-type collapsin-1 by cutting both same receptor molecule.
insert and vector with HindIII and Stu-1 and ligating. The semaphorin
The companion paper shows that collapsin-1, -2, -3, domain alone was cloned into the Fc-6His-pAG-3 plasmid, replacing and -5 bind to different overlapping subsets of embry-C723A by cutting both insert and vector with BamH-1 and Xho-1 onic tissues (Feiner et al., 1997 and micro-Bradford assays were used to quantitate the amount of The expression plasmid used in this study, pAG-3, contains a protein.
Proteins were compared to a collapsin-1 standard that was pcDNA3 backbone (Invitrogen), a CMV enhancer, a modified chicken similarly tagged. Calculations were based on the assumption that ␤-actin promoter, and a rabbit ␤-globin splice acceptor sequence 30 pM of pure, recombinant collapsin-1 causes ‫%05ف‬ collapse of for enhanced protein expression. The resulting ␤-actin/␤-globin AG DRG growth cones (Luo et al., 1993) . Protein concentration estihybrid promoter provides enhanced protein expression (Miyazaki mates were judged to be accurate within a factor of three. et al., 1989) . We modified the expression plasmid by adding either an amino terminus signal sequence 2xMyc-6xHis tag between Collapse Assay HindIII and BamHI restriction sites making pAG-NT or by adding Serial dilutions of purified protein were assayed for growth cone a carboxyl terminus 2xMyc-6xHis tag between Xho-1 and Nsi-1 collapse on explanted chick embryonic day 7 (E7) DRG and E7/8 restriction sites making pAG-CT. Collapsin-1 without signal se-SCG as described earlier (Luo et al., 1993) . Briefly, explants were quence and with a stop codon was cloned into the BamHI and dissected from chick embryos and incubated at 37ЊC overnight on Xho-1 sites of pAG-NT to create Coll-1-pAG-NT, after PCR amplifia glass coverslip in 500 l F12 media supplemented with GGPS, cation with oligomers that placed the appropriate restriction sites BPE, insulin, selenium, transferrin, and NGF. The following day, on the 5Ј and 3Ј ends. Collapsin-1 with signal sequence and without nickel-purified protein was added to the explanted culture. Followa stop codon was cloned into HindIII and Xho-1 sites of pAG-CT to ing 1 hr of incubation at 37ЊC, the explants were fixed in 4% paracreate Coll-1-pAG-CT, following PCR amplification.
formaldehyde sucrose/PBS solution for 1 hr. Glass coverslips were transferred to petriperm dishes and visualized under 40ϫ magnification. Growth cones were scored as being either spread or collapsed Deletion Constructs ( Figure 1A ). The percentage of collapsed growth cones was then Deletion constructs were cloned into either pAG-NT (Ig deletion, plotted against the concentration of purified protein added to the sema domain, sema deletion) or pAG-CT (basic tail deletion) followcultured explant. At least 100 growth cones were counted per exing PCR using specific oligomers that restricted collapsin-1, seplant. Collapse curves were constructed from a representative exquence included, and placed BamHI on the 5Ј end and either XhoI periment. All constructs were tested at least three times, and the or NotI on the 3Ј end. The Ig deletion necessitated a two-step PCR EC50s from independent trials did not vary by more than a factor of protocol, since internal amino acids had to be removed. In the first two. The reported EC50s represent an average of all experiments. step, the collapsin-1 sequence on either side of the Ig loop was amplified. The 5Ј end of the internal reverse primer was complemen-AP-Fusion Protein Binding Assay tary to the internal forward primer. Consequently, the two pieces of Chick embryos were embedded in OCT compound, and fresh frozen DNA amplified in the first round of PCR would act as templates for sections were cut. The sections were postfixed in precooled methathe second round of PCR after they had annealed together at low nol at Ϫ20ЊC for 7-10 min. Sections were then washed with PBS, temperatures (45ЊC for 5 min).
blocked with PBS containing 10% calf serum for 15 min, and incubated with AP-collapsin fusion protein for 1 hr at room temp. 293T cell culture supernatant transfected with AP-Coll-1 construct was Chimeric Constructs Chimeras among collapsin-1, -2, and -3 were cloned into pAG-NT diluted with PBS containing 10% calf serum and used as a probe. AP-Coll-1 was used at a concentration of 600 pM. Other variant between the BamH-1 and Not-1 sites after two-step PCR amplification. The internal oligomer pairs were constructed such that the 5Ј fusion construct was used at the same concentration as AP-Coll-1 by measuring and standardizing the AP activity contained in a deappendage of one primer was complementary to the other oligomer. The two pieces of DNA resulting from the first PCR amplification fined volume. Measurement of AP activity was carried out by blotting a dilution series of 293T cell culture supernatant onto a nitrocellulose would be annealed together before the second round of amplification. Note that in all of these constructs, the signal sequence before membrane and by comparing the color of AP reaction product, which allows the accuracy within a factor of two. After incubation the amino-terminal tag is derived from the first 25 amino acids of collapsin-1.
with the probe, the sections were rinsed with PBS and fixed with
